Introduction
Management of sow nutrition during gestation focuses on preparation for parturition and lactation. In the early stages, this involves providing conditions that maximise embryo survival, leading to larger litter sizes. It is well established that a high plane of nutrition in gilts results in increased embryo mortality (Self et al., 1955; Gossett and Sorenson, 1959; Haines et al., 1959; Sorenson et al., 1961; Ettiene et al., 1983) , but no such effect has been observed in sows (Heap et al., 1967; Toplis et al., 1983) , which is in part due to the difference in the metabolic state of gilts compared with mature animals.
Growth of placental membranes is complete by day 60 of gestation (termE115 days) (Knight et al., 1977) . It is well established that foetal growth and metabolism are directly dependent on the nutrient supply across the placenta, and that the surface area of the placental membranes greatly influences growth and survival. Moreover, poor growth rates in utero, resulting in runting, are thought to be caused primarily by placental insufficiency (Warshaw, 1990; Ashworth and McCardle, 1999) .
Fatty acids have important functions in foetal and neonatal growth and development. Docosahexaenoic (22:6 n-3) and arachidonic (20:4 n-6) acid, for example, are essential components of membrane phospholipids (Innis, 1991) , and serve other functions. Although the nutrient demands of the conceptus are relatively small during the first half of gestation (Verstegen, 1987) , it is likely that the development of placental membranes and subsequently the transfer of fatty acids across the placenta will be affected by the fatty acid profile of the maternal diet, which in turn will influence foetal development. It is widely accepted that energy demands during late gestation are greatly increased, and that catabolism of maternal fat reserves occurs if dietary energy supply is insufficient to meet requirements at this time (Close et al., 1985; Whittemore, 1998) ; increasing the energy intake of sows during the first half of gestation -E-mail: lynne.clark@imperial.ac.uk is likely to increase the amount of fat available for mobilisation during late pregnancy (Revell et al., 1998) .
It is well established that the fatty acid composition of body fat reserves reflects that of the diet (Huo et al., 2003) , and that fat deposition, in both pregnant and non-pregnant animals, is increased with increasing energy intake (Dunshea et al., 1998; Revell et al., 1998) . Since maternal fat reserves are mobilised during late gestation and lactation (Mullan and Williams, 1990; Whittemore, 1998; Trottier and Johnston, 2001) , it seems probable that the fatty acid composition of maternal fat reserves may have consequences for piglet growth and survival (Cieslak et al., 1983; Rooke et al., 2001b and c) .
The role of dietary fat during early pregnancy, in sows, has not yet been fully established. This study aimed to examine whether increasing energy intake and altering the fatty acid profile of the diet during the first stage of gestation influenced the growth and development of pigs born to multiparous sows. Oils of different fatty acid composition were chosen as energy supplements to provide diets with different fatty acid profiles. Consideration was given to farrowing performance, neonatal outcome and the growth and development of offspring until commercial end point (E140 days). It was hypothesised that: (i) increasing maternal energy intake during early gestation would result in heavier, fatter piglets at birth that would continue to exhibit a faster growth rate throughout life and (ii) the fatty profile of the dietary supplement would further influence the growth of pigs.
Material and methods

Animals and diets
All animals used in these studies were maintained at the Pig Research and Development Unit, Imperial College, London. Experimental procedures were carried out according to the regulations of the Animals (Scientific Procedures) Act, 1986, and were licensed by the Home Office (UK). At all stages of life, animals were kept within the guidelines set out by the Department for Environment Food and Rural Affairs (DEFRA, 2003) , and fed on commercially available diets to meet their nutrient requirements.
Forty-eight multiparous sows of a commercial genotype (25% Meishan, 12.5% Duroc and 62.5% Large White 3 Landrace) were entered into the study after weaning and prior to service. Sows were categorised by parity before being randomly assigned to one of six dietary treatment groups, to ensure that parity was balanced across treatments. Mean maternal body weight (199 (s.e. 5) kg) and mean backfat thickness (16 (s.e. 1) mm) at the start of the study was not significantly different between treatments. All sows were artificially inseminated with pooled semen from Large White boars (P17 2006, JSR Genetics). Dietary treatments commenced on day 1 of gestation (assuming day of service to be day 0) and continued until day 60 of gestation. The control (C) diet consisted of 3 kg/day of the standard diet (ABN HE sow pellets: metabolisable energy (ME) 13.1 MJ/kg, crude protein 12.7%, oil 4.5%, fibre 4.8%, 5 ash 3%, vitamin A 10 000 (i.u. per kg), vitamin D 3 1875 (i.u. per kg), vitamin E 60 (i.u. per kg), lysine 0.55%, copper 21 mg/kg; ABN, Peterborough, UK); all other diets were as the C ration plus 10% (3.93 MJ ME per day) extra energy derived from either of the following: (i) extra pellets (E), (ii) palm oil (P), (iii) olive oil (O), (iv) sunflower oil (S) or fish (salmon) oil (F). Composition and fatty acid profiles of the different diets can be seen in Table 1 . All diets, with the exception of the C ration, were isocaloric, and oils were added as a top dressing; it should be noted that the E diet also contained extra protein compared with oilsupplemented rations. The C diet provided an isoprotein comparison and met the predicted nutrient requirement of gestating sows (National Research Council (NRC), 1998; Whittemore et al., 2003) and provided a standard for comparison with commercial practice, which generally offers energy at a flat rate throughout gestation. Sows were offered 3 kg/day of the standard diet (as for the C group), from day 60 of gestation until farrowing, which occurred naturally at term. A policy of cross-fostering was adopted within treatments to equalise litter sizes where possible; where excess piglets (.12 per sow) could not be accommodated by a sow on the same treatment, they were removed from the study. Between farrowing and weaning (21 to 28 days post partum), sows were offered 6 to 9 kg of a standard lactation ration (ABN supreme lactation pellets: ME 14.1 MJ/kg, crude protein 18%, oil 7.2%, fibre 4.0%, ash 5.0%, vitamin A 10 000 (i.u. per kg), vitamin D 3 1875 (i.u. per kg), Vitamin E 75 (i.u. per kg), lysine 0.95%, copper 23 mg/kg; ABN, Peterborough, UK). Piglets had ad libitum access to creep feed (Primary Select: 16.77 MJ/kg ME, 23.5% crude protein, oil 9%, fibre 2%, ash 6.3%, vitamin A 12 500 (i.u. per kg), vitamin D 3 2000 i.u. per kg), vitamin E 250 (i.u. per kg), lysine 1.7%, copper 170 mg/ kg from Primary Diets Ltd, UK); day 14 of life.
All piglets were weaned at 21 to 28 days post weaning, provided they weighed more than 6.5 kg. Piglets that failed to reach 6.5 kg by this age were fostered onto another sow for a further 1 to 2 weeks. Post-weaning management of all pigs was according to the standard procedures of the College Pig Unit. Maximum group sizes were 30 animals per pen; animals were grouped according to sex and weight and food was available ad libitum throughout the postweaning period (Primary Benefit: ME 15.00 MJ/kg, crude protein 22.8%, oil 7.5%, fibre 2.75%, ash 6.0%, vitamin A 12 500 (i.u. per kg), vitamin D 3 2000 (i.u. per kg), vitamin E 150 (i.u. per kg), lysine 1.5%, copper 170 mg/kg; Primary Diets Ltd, UK), growing period (Delatwean 10 salocin pellets: ME 14.4 MJ/kg, crude protein 20.9%, oil 4.5%, fibre 2.8%, ash 4.5%, vitamin A 9500 (i.u. per kg), vitamin D 3 1850 (i.u. per kg), vitamin E 100 (i.u. perkg), lysine 1.7%, selenium 0.39 mg/kg, copper 170 mg/kg; ABN, UK) and fattening period (Deltagrow 25 salocin pellets: 13.4 MJ/kg ME, 17.8% crude protein, oil 3.8%, fibre 4.3%, ash 5.0%, vitamin A 7500 (i.u. per kg), vitamin D 3 1700 (i.u. per kg), vitamin E 45 (i.u. per kg), lysine 1.2%, selenium 0.32 mg/ kg, copper 25 mg/kg; ABN, UK) periods.
Oils in sow diets during early-to-mid gestation Farrowing data After farrowing the numbers of piglets born alive, stillborn and mummified and the number of male and female piglets born were recorded. The length of gestation was calculated from the day of insemination.
Piglet growth and composition Piglet growth performance was observed throughout the neonatal period; body weight, crown to rump length and body composition using a total-body electrical conductivity analysing system (TOBEC, Model-SA3000 EMSCAN/TOBEC, SA-3203, Springfield, USA) were recorded on days 0, 7, 14 and 21 of life. Piglet fat-free mass per kg (FFM per kg) was calculated using the following equation, as suggested in the TOBEC manufacturer's instructions:
FFM ðarbitrary unitsÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ðTOBEC reading Â CRLÞ p piglet weight ðkgÞ :
It should be noted that due to the inverse relationship between body water (which is an indirect measurement of lean tissue) and fat, the higher the reading obtained from the TOBEC, the lower the fat content of the body and vice versa. Consequently, a decline in FFM over the neonatal period is indicative of an increase in body fat. At commercial end point (E80 kg), back fat and eye muscle depth were measured, at the P2 position, using ultrasound (Aloka-echo camera 550-500, Aloka Ltd, Osaka, Japan).
Statistical analyses
One of the C sows became unwell shortly after farrowing, and her piglets had to be weaned early. All data from this animal and her offspring were removed prior to analysis. Data were analysed with general linear model ANOVA using MINITAB version 13.1 computer software (Minitab Ltd, Coventry, UK). The main effect included in the model was dietary treatment, parity was included as a co-variate. Data were adjusted for litter size or for the number of piglets reared as appropriate. When treatment effects were significantly different, pair-wise comparisons of means were conducted using Tukey's test. Probability values of less than 0.05 were considered to be statistically significant.
Individual piglet growth rate was calculated by regression analysis of piglet weight against time. Analysis was conducted for two separate periods: (i) birth to weaning Abbreviations are: ND 5 none detected; DM 5 dry matter; CP 5 crude protein; ME 5 metabolisable energy. Values presented are mean percentages of total lipid fraction. Values presented are mean percentages from two determinations of total lipid fraction extracted from samples of diet.
--S 5 total saturated fatty acids; M 5 total monounsaturated fatty acids; P 5 total polyunsaturated fatty acids; n-6 5 total n-6 polyunsaturated fatty acids; n-3 5 total n-3 polyunsaturated fatty acids.
Laws, Laws, Lean, Dodds and Clarke and (ii) over the lifetime of the pig up to commercial endpoint. The slope of the line gave a measure of their growth rate in kg/day.
Results
Reproductive performance
Maternal dietary treatment had no influence on length of gestation, number of stillborn piglets, number of mummified piglets or on the ratio of male:female piglets (Table 2) . Similarly, there was no difference in the percentages of piglets born alive, stillborn or mummified (Table 2 ). There was a trend (P 5 0.07) for total litter size to be higher for P sows. Consequently, total litter weight and number of piglets born alive were also greatest for P sows (P , 0.05; Table 2 ), compared with the C group. Due to the practice of cross-fostering, it was not possible to give a true estimate of pre-weaning mortality rates; unsurprisingly, the number of piglets reared was therefore similar for all treatment groups.
Piglet weight, body composition and growth in the pre-weaning period Within-litter coefficient of variation (CV) for piglet weight was similar for all treatments throughout the pre-weaning period (Table 3) . After adjusting for litter size, which affected piglet weight throughout the pre-weaning period (P , 0.001), piglets born to P sows were heaviest at birth (P , 0.05), while those born to E sows were the lightest (P , 0.05; Table 3 ). By day 7 of life, piglets sucking from F sows were the heaviest (P , 0.05) and remained so throughout the rest of the pre-weaning period (Table 3) . Consequently, the slope of regression for the weight of piglets over the pre-weaning period is steeper for the piglets of F sows compared with those in all other groups (P , 0.05; Table 3 ).
Within-litter CV for piglet FFM per kg was highest at birth for offspring of C sows and lowest for the litters of S sows (P , 0.05; Table 4 ). CV for FFM per kg was similar for all treatments at subsequent time points throughout the preweaning period (Table 4) . At birth, piglets from P sows were fatter (indicated by their lower FFM per kg) than piglets born to O sows (P , 0.05; Table 4 ). Piglets from all treatments became fatter throughout the pre-weaning period (P , 0.05; Table 4 ). By day 21 of life, piglets sucking from P sows still possessed the greatest proportion of body fat, while the offspring of animals in the E group tended to have the least fat (P , 0.05; Table 4 ).
Pig weight, growth and body composition after weaning Age at slaughter was similar for all treatment groups (Table 5) , although pigs born to sows receiving the E diet were heaviest at slaughter (P , 0.05; Table 5 ), which may partly be explained by their higher growth rate from birth to commercial end-point (not significant; Table 5 ).
Prior to slaughter, at commercial end point, eye muscle depth at the P2 position was similar for all treatment groups (Table 5 ); in contrast, the offspring of O sows had the least fat at the P2 position (P , 0.001; Table 5 ).
Discussion
The general consensus in the literature is that maintaining gilts on a high plane of nutrition during early pregnancy increases embryo mortality (Self et al., 1955; Haines et al., 1959; Ettiene et al., 1983; Kirkwood and Thacker, 1988) , but the effect does not seem to apply to multiparous sows (Heap et al., 1967; Toplis et al., 1983) . In the present study, no negative effects were observed to result from an increased plane of nutrition during early pregnancy. Indeed, the number of piglets born alive was greater for P sows, suggesting that palm oil enhances embryonic and foetal survival. The reasons for this observation remain to be fully 92 6 3 9 1 6 3 9 5 6 3 9 4 6 3 9 6 6 3 8 9 6 3 % still born piglets 6 6 2 6 6 2 3 6 2 3 6 2 4 6 2 1 0 6 2 % mummified piglets 2 6 2 3 6 1 2 6 1 3 6 1 0 6 1 2 6 2 Sex ratio -1.2 6 0.7 1.3 6 0.6 1.7 6 0.7 1.4 6 0.6 2.6 6 0.6 1.4 6 0.6 No. reared --10.1 6 0.6 10.6 6 0.6 10.6 6 0.9 11.0 6 0.6 10.8 6 0.6 10.7 6 0.9 -Sex ratio 5 no. of male piglets/no. of female piglet.
--
No. reared 5 number of piglet sucking from sow on day 21 of lactation. Tukey's test was used to determine differences between groups after GLM ANOVA (parity was analysed as a co-variate). Values presented are adjusted least squares means 6 s.e. Values with different superscripts, within rows, differ significantly (P , 0.05).
established; bearing in mind that supplementation was given during the first 60 days of gestation only, there are a number of ways in which the increased litter size may be explained: (i) the fatty acid profile of the diet may alter maternal endocrine status (Hornstra and Stegan, 1989 ), which in turn may affect embryonic survival and the efficiency of placental development; (ii) palm oil is a rich source of the anti-oxidants b-carotene and vitamin E (Duran, 2002; Edem, 2002) and increased intake of vitamin E has previously been linked to increased litter size in pigs (Mahan, 1991; Pinelli-Saavedra, 2003) ; (iii) palm oil supplementation may result in glucose sparing in the mother, allowing greater glucose availability for the placenta/foetuses as seen in humans and rats (Kim et al., 1995; Jaquier, 1998; Melanson et al., 1999) ; (iv) palmitic acid (16:0), primarily from the diet during the first half of gestation, but also from lipolysis of maternal adipose tissue during late pregnancy, may be converted into ketones and improve energy availability to the developing placenta/foetuses (Secombe et al., 1977; Shambaugh, 1985) resulting in better piglet metabolic status at birth (Newcomb et al., 1991; Azain, 1993) ; and (v) the fatty acids present in palm oil may be Parity, litter size (P , 0.001) and sex were analysed as covariates.
--CV 5 within litter coefficient of variation of piglet weight (parity (P , 0.01) and litter size (P , 0.001) were analysed as covariates).
y Calculated by regression analysis of individual piglet weight between day 0 and day 21 of life (parity (P , 0.01), litter size (P , 0.001) and sex were analysed as covariates). Tukey's test was used to determine differences between groups after GLM ANOVA. Values presented are adjusted least-squares means 6 s.e. Values with different superscripts, within rows, differ significantly (P , 0.05). Piglet FFM per kg -0 79.6 6 1.1 80.7 6 0.9 77.0 a 6 1.1 83.1 b 6 0.9 80.9 6 0.9 79.8 6 0.9 7 67.3 6 0.7 67.4 6 0.6 68.5 6 0.8 68.5 6 0.6 67.4 6 0.6 66.6 6 0.6 14 63.8 6 0.8 62.8 6 0.7 61.6 6 1.0 63.8 6 0.7 62.2 6 0.7 62.2 6 0.7 21 59.3 6 0.9 60.1 a 6 0.7 56.1 b 6 1.0 59.1 6 0.7 58.5 6 0.7 57.5 6 0.7 CV --(%) 0 1 4 a 6 2 6 6 2 6 6 2 9 6 2 5 b 6 2 5 6 2 7 5 6 1 7 6 1 9 6 1 5 6 1 5 6 2 6 6 1 14 12 6 2 6 6 2 8 6 2 6 6 2 6 6 2 7 6 2 21 12 6 3 8 6 2 9 6 2 8 6 2 9 6 2 8 6 2 Decline in FFM per kg per day y 0-21 20.97 6 0.07 20.94 6 0.06 21.01 6 0.07 21.11 6 0.06 21.05 6 0.06 21.06 6 0.06 -Parity (P , 0.001), litter size (P , 0.001) and sex were analysed as covariates.
--CV 5 within litter coefficient of variation of piglet FFM per kg (parity and litter size were analysed as covariates).
y Calculated by regression analysis of individual piglet FFM per kg between day 0 and day 21 of life (parity (P , 0.05), litter size and sex were analysed as covariates). Tukey's test was used to determine differences between groups after GLM ANOVA. Values presented are adjusted least squares means 6 s.e. Values with different superscripts, within rows, differ significantly (P , 0.05).
Laws, Laws, Lean, Dodds and Clarke transported across the placenta more readily than those found in the other oils studied, although this theory is unlikely as it contradicts data from studies in rats and humans (Haggarty et al., 1997; Amusquivar and Herrera, 2003; Larque et al., 2003; Ortega and Herrera, unpublished data) . Recent research has suggested that the type of dietary fat rather than the total fat content of the diet is important in determining neonatal outcome (Jean and Chiang, 1999; Rooke et al., 2001a, b and c) . In the present study, the source of maternal dietary energy, rather than the amount of energy per se, certainly appears to be important. Moreover, differences cannot be attributed to changes in maternal body condition during gestation as the only difference observed was between the C and S groups (C 4 6 1; E 6 6 1; P 6 6 1; O 6 6 1; S 9 6 1; F 6 6 1 net change in backfat thickness at the P2 position, mm; mean 6 s.e.). Piglets born to P sows were heaviest and were also fattest at birth after adjustment for litter size. The beneficial effects of lipids in the diet of the periparturient sow have, in part, been attributed to alterations in maternal glucose metabolism, and hence glucose supply to the developing foetus (Steele et al., 1985) . Sows offered saturated fat in the form of palm oil during the first half of gestation exhibit elevated plasma glucose concentrations in late gestation (Corson et al., 2003) , which may provide a potential explanation for the improved litter outcome observed in the P group.
Pigs from P dams also possessed more fat at 21 days of age, suggesting that they may have been programmed to lay down fat early in gestation (Barker, 1998; McMillen et al., 2005) . Fat is lighter per unit volume than either bone or muscle, but is more energy dense. At 21 days, offspring of P, E and O sows were of a similar weight, although the proportion of body fat was highest in the P group, and the reasons for this remain to be fully established.
The subject of supplementation of maternal diets with fish oil is controversial. Improvements are observed in fatty acid composition, developmental and behavioural parameters in pigs (Cordoba et al., 2000; Rooke et al., 2000 and 2001c) and in other species (Suzuki et al., 1998) . In contrast, other studies have shown that supplementation has led to reduced growth in utero in pigs (Rooke et al., 2001c) and to reduced growth and development in postnatal life in humans and rats (Carlson et al., 1992 and 1993; Saste et al., 1998; Amusquivar et al., 2000) . It is believed that the negative effects of feeding fish oil supplements are due to oxidative stress (Raz et al., 1997) . Rooke et al. (2000) found that piglets born to sows receiving a diet containing fish oil were heavier than those from sows receiving diets containing maize and linseed oils at 7 days post-weaning; this was observed irrespective of whether piglets had sucked a sow that had received a fish oil supplement or not, and thus was thought to be due to improved piglet status at birth. It has been suggested that the increased vigour and survival, associated with maternal supplementation with fish oil, is as a consequence of increased length of gestation, resulting in greater maturity of piglets at birth (Cordoba et al., 2000) . No difference in gestation length, between treatments, was observed in the present study. It seems likely, therefore, that increased growth rates observed in the offspring of the F group may be at least partially explained by improved physiological development at birth due to the greater availability of longchain polyunsaturated n-3 fatty acids. The availability of such fatty acids was limited in all other treatment groups.
Current nutritional requirements for pigs do not include a recommendation for eicosapentanoic acid (20:5 n-3) and docosahexaenoic acid (22:6 n-3) (NRC, 1998; Whittemore et al., 2003) . Rooke et al. (2001a) estimated that the two n-3 LCPUFA should supply 0.6% of the total dietary intake; the F diet in this experiment provided 1.72% of total energy as n-3 LCPUFA. The improved growth performance may also be due to differences observed in the fatty acid composition of the milk from F-supplemented dams (Laws 2006 ).
Very little difference was observed in the performance of pigs between weaning and slaughter, but this is not surprising as all pigs were weaned at similar body weights and Age at commercial end point determined on commercial criteria (i.e. weight and body conformation) (Birth weight (P , 0.001) and sex were analysed as covariates).
--subjected to identical post-weaning management. Age at slaughter was similar for pigs from all treatment groups, although the pigs born to E sows were heaviest. This difference in weight may be explained by the trend towards higher growth rates, from birth to slaughter, of pigs born to E sows, suggesting that the growth of offspring may be programmed during early gestation (Barker, 1998; McMillen et al., 2005) . Results of the current study also suggest that the programming of fat deposition may be influenced by the fatty acid profile of the maternal diet during early gestation, since the offspring of O sows were leaner at birth and at slaughter. Although further work is required to substantiate this fully, the results suggest that programming is influenced by the fatty acid profile, the energy content and the energy to protein ratio of the maternal diet during early gestation. Post-weaning, all pigs were treated the provision of a diet ad libitum, tailored to promote lean growth, a change in social grouping and selection for slaughter on the basis of commercial criteria (i.e. weight and conformation) may have masked the effects of maternal diet influences.
In conclusion, the fatty acid profile of the maternal diet during early-to-mid gestation appears to influence neonatal outcome and the subsequent growth performance of their offspring.
